The original glucocorticoid (GC) hypothesis of brain aging and Alzheimer's disease proposed that chronic exposure to GCs promotes hippocampal aging and AD. This proposition arose from a study correlating increasing plasma corticosterone with hippocampal astrocyte reactivity in aging rats. Numerous subsequent studies have found evidence consistent with this hypothesis, in animal models and in humans. However, several results emerged that were inconsistent with the hypothesis, highlighting the need for a more definitive test with a broader panel of biomarkers. We used microarray analyses to identify a panel of hippocampal gene expression changes that were aging-dependent, and also corticosterone-dependent. These data enabled us to test a key prediction of the GC hypothesis, namely, that the expression of most target biomarkers of brain aging should be regulated in the same direction (increased or decreased) by both GCs and aging. This prediction was decisively contradicted, as a majority of biomarker genes were regulated in opposite directions by aging and GCs, particularly inflammatory and astrocyte-specific genes. Thus, the initial hypothesis of simple positive cooperativity between GCs and aging must be rejected. Instead, our microarray data suggest that in the brain GCs and aging interact in more complex ways that depend on the cell type. Therefore, we propose a new version of the GC-brain aging hypothesis; its main premise is that aging selectively increases GC efficacy in some cell types (e.g., neurons), enhancing catabolic processes, whereas aging selectively decreases GC efficacy in other cell types (e.g., astrocytes), weakening GC anti-inflammatory activity. We also propose that changes in GC efficacy might be mediated in part by cell type specific shifts in the antagonistic balance between GC and insulin actions, which may be of relevance for Alzheimer's disease pathogenesis.
THE INITIAL GLUCOCORTICOID HYPOTHESIS OF BRAIN AGING AND ITS PREDICTIONS
The hypothesis that the chronic actions of glucocorticoids (GCs) promote aging of the brain, particularly of hippocampal neurons [1, 2] , originally grew out of a study showing a positive correlation between biomarkers of hippocampal aging and plasma corticosterone in aging rats [3] . The hypothesis proposed that cumulative exposure even to normal concentrations of GCs could promote brain aging, and that elevation of GCs, as in chronic stress, could further accelerate the progression of brain aging. In addition, because it had been reported that hippocampal neurons participated in the negative feedback inhibition of the hypothalamic-pituitaryadrenal axis [4, see 5 for review], it was postulated that as the hippocampus deteriorated with aging it lost some negative feedback control, resulting in elevated plasma corticosterone and adrenal activity [1, 3] .
Prior to these initial studies in brain, it had already been observed that elevated GCs in salmon and mammals, including humans, induced degenerative changes in peripheral tissues that in some ways mimicked aging changes [6, 7] . Further, the extensive studies of Selye on the stress response had *Address correspondence to this author at the Department of Molecular and Biological Pharmacology, University of Kentucky College of Medicine, 800 Rose Street, MS-310, Lexington, Kentucky, 40536, USA; Tel: (859) 323-3711; E-mail: pwland@uky.edu led to the proposal that stress could accelerate certain aspects of aging [8] . At that point, little was known about normal aging of the brain and about whether and how GCs acted on the brain. Nevertheless, the established role of the hippocampus in memory, the vulnerability of the hippocampus to aging-related neurodegenerative disease, and the discovery that the brain expressed corticosteroid receptors, which were especially dense in the hippocampus [9] , warranted a test of GC effects on hippocampal aging [1] . However, a key to performing such a study was the need for a suitable endpoint biomarker that could provide quantitative estimates of brain aging. Astrocyte reactivity, a reliable indicator of neuronal damage, was selected as the aging biomarker because such reactivity was quantifiable, prominent in the hippocampus, and detectable by mid-life [10, 11] . The study measured astrocyte reactivity in the hippocampus of F344 rats and found that it increased steadily with aging, being apparent even by mid-life. The increasing astrogliosis was correlated quantitatively with plasma corticosterone and adrenal weight, which also increased by mid-life. Thus, the results supported the basic GC hypothesis (illustrated schematically in Fig. (1) ) [1, 3] , in which chronic exposure to adrenal glucocorticoids facilitates aging processes in neurons, notably in the hippocampus (astrocytes are not shown, but presumably are activated by the neuronal changes). It should be noted, however, that there can be several variations on the general hypothesis that GCs promote brain aging [2] . As shown in Fig. (2) : i) GCs might act to drive or facilitate aging processes (Hypo- thesis 1); ii) GCs might act on some targets in parallel with aging processes, to accelerate functional endpoints (Hypothesis 2); iii) aging might increase the efficacy of GC effects, resulting in accelerated progression of deleterious consequences of chronic GC actions (Hypothesis 3); iv) conceivably, an extreme version of Hypothesis 3 might be operative, in which the spectrum of brain aging endpoints primarily reflects the sum of cumulative GC actions (Hypothesis 4). Although very different mechanisms could underlie these alternatives, all have in common the proposition that GCs and aging interact cooperatively. Therefore, all versions predict that both GCs and aging should regulate endpoint biomarkers in the same direction (increase or decrease).
ADDITIONAL STUDIES SUPPORTING THE HYPOTHESIS
The initial study was correlative, but we soon followed it with a long-term intervention study. Mid-aged rats were adrenalectomized (ADX) and maintained on very low replacement corticosterone in the drinking water for 9 months, at which point they were placed on a full replacement dose and tested for maze reversal learning. The hippocampus was then processed and several morphometric biomarkers of hippocampal aging (neuronal density, glial reactivity, lipofuscin) were quantified in semi-thin sections. In comparison to similarly-maintained sham, age-matched controls, the ADX rats showed significantly less development of several biomarkers of brain aging, and a strong trend toward better maze performance, thus more closely resembling young animals [12] .
These early studies provided initial support for the view that chronic exposure to GCs, particularly if elevated as in stress, promotes aging of the brain. However, multiple studies from other labs also began to accumulate substantial evidence consistent with the hypothesis. Notably, Sapolsky, McEwen and colleagues conducted a series of animal studies that provided extensive support for the view that GCs were elevated with aging and could damage the hippocampus or increase its vulnerability. Their work focused on GC receptors and led to a version of the hypothesis that emphasized the role of downregulation of hippocampal GC receptors during aging, with loss of negative feedback and consequent elevation and damaging effects of circulating GCs [13] . Sapolsky et al [14] also found that GCs could increase vulnerability to toxicity in cultured neurons, possibly by inhibiting glucose uptake. Other work by Meaney and colleagues showed strong correlations between circulating corticosterone and cognitive impairment and hippocampal damage in aged rats [15, 16] and other labs also found inverse relationships between GC exposure and cognitive function. Further, several groups found that chronic stress in rats also could accelerate biomarkers of hippocampal aging [17, 18] . Additionally, it has been found that, similarly to the effects of aging, excess GCs induce hippocampal dendritic atrophy and retard neurogenesis [19, 20] . Most studies employed morphometric and/or behavioral biomarkers to test the effects of GCs on brain aging processes. However, several studies showed that, over periods of minutes to hours, GCs could also increase a number of Ca2+-mediated electrophysiological biomarkers of hippocampal aging [21] [22] [23] .
Generally analogous findings began to be observed in human studies of aging and AD. A number of imaging studies found that human hippocampal volume decreases with aging [24] . In addition, aging human subjects exhibit higher mean diurnal values of cortisol [25] . Moreover, in an extensive series of longitudinal studies, Lupien and her colleagues have shown that elevated plasma cortisol correlates with reduced hippocampal volume and memory impairment in aging human subjects. In fact, some subjects with higher cortisol developed Alzheimer's disease (AD) [26] . Further, Cushing's disease patients, exhibiting very elevated GC values, are also characterized by memory impairment and reduced hippocampal volume [27] . Importantly, it is also wellestablished that AD subjects have substantially elevated cortisol levels [28] . Although cause-effect relationships are not clear, recent studies show that chronic GC treatment of aged monkeys [29] or a transgenic mouse model of AD [30] can increase amyloid-beta pathology. Additionally, mouse models of AD exhibit higher corticosterone values, which may contribute to insulin resistance and memory impairment [31] . Chronic GC treatment also worsened cognition in AD subjects [32] . Together, these studies suggest that GCs may contribute to AD pathogenesis.
Thus, many findings continued to be consistent with the basic GC hypothesis, supporting the conclusion that excess GCs, and even chronic exposure to normal values, directly drive important components of declining brain function with aging, and perhaps, with AD. Unfortunately, unraveling fundamental biological processes is rarely, if ever, that simple, and some results that contradicted the basic tenets of the hypothesis began to appear.
FLIES IN THE OINTMENT: EMERGENCE OF RESULTS INCONSISTENT WITH THE HYPOTHESIS
In the early 1990s several findings emerged that were not easily reconciled with the predictions of the hypothesis. For one, it was found that corticosterone strongly downregulated gene/protein expression of GFAP, a major astrocytic structural protein for which increased expression is a consistent correlate of astrocyte reactivity and a reliable biomarker of hippocampal aging [33] . This observation appeared to imply an inverse relationship between astrocyte reactivity and corticosterone should develop with aging, yet in our initial study, we had found a positive correlation [3] .
Second, a series of studies began to appear showing that for some kinds of learning, such as emotional learning, GCs were facilitative and enhanced memory consolidation (although apparently impairing retrieval) [34] . Certainly it seems reasonable that GC hormones released with stress would facilitate rather than impair memory of the biologically important stressful events. However, because memory capacity declines with aging, this result appeared to be another example of anti-aging rather than pro-aging effects of GCs.
Third, investigations of the caloric restriction model of increased longevity found that GCs of restricted animals were elevated above those of controls not only at feeding times, but across the 24-hr diurnal cycle [35, 36] . Further, several groups found that, in addition to peripheral markers, CR reduced some (but not all) brain biomarkers of aging [37] [38] [39] . Consequently, it appeared that in essentially the only established model for retarding multiple markers of aging, circulating GCs were not reduced, and in fact, might be increased.
Thus, these several lines of evidence were not consistent with the prediction of the basic GC hypothesis, noted above (Fig. (2) ) [2] , that both GCs and aging should modulate endpoint markers of aging in the same direction. In fact, the studies cited above found that, under some conditions, GCs modulate the expression of GFAP, memory consolidation and other markers of aging in the direction opposite to that in which they normally change with aging. That is, for these specific markers and conditions, elevated GCs were associ-ated with effects that would tend to oppose, rather than enhance, aging changes.
In addition to the contradictory findings above, some of the biomarkers employed and some of the basic findings from supporting studies were also becoming controversial. A few studies in different strains of rats reported inability to replicate the reduced number or density of hippocampal pyramidal neurons with aging [40] , one of the biomarkers used to assess GC effects in several studies. Other reports did not find elevated corticosterone in aged rats [41] , and evidence accumulated that it was primarily the mineralocorticoid receptor rather than the glucocorticoid receptor that declined in hippocampus with aging [42] . The emerging contradictions and controversies noted above began to raise some significant doubts, making it clear that at the least some critical reevaluation was necessary [43, 44] (see reviews in [45] ).
THE NEED FOR A DEFINITIVE TEST OF THE GC HYPOTHESIS USING IMPROVED BIOMARKERS
Many of these controversies could apparently be attributed to strain differences and differing rates of brain aging, genetic drift in long-maintained colonies, or to methodological differences [43, 44, 46] . Furthermore, a large body of animal and human data continued to support the basic GC hypothesis. Nevertheless, the three main results that were inconsistent with the key prediction that aging and GCs should alter biomarker endpoints in the same direction, noted above, highlighted the need for a more definitive test of the basic GC hypothesis.
However, a more definitive test required a much broader range of biomarkers, such that anomalies could be detected and the main direction of changes could be assessed. Further, although many prior studies have used one or a few biomarkers to test predictions of this and other aging hypotheses, a panel of multiple biomarkers is likely to provide a more accurate index [47] . Given these considerations, the recent advent of gene microarray technology for the study of brain aging and AD may have been particularly fortunate.
GENOMIC BIOMARKERS DETERMINED BY MICROARRAY ANALYSES OF BRAIN AGING AND AD
For reasons partly outlined above, the use of gene microarray technology appears to hold great promise for the development of biomarkers of brain aging and for a definitive test of the GC hypothesis. That is, microarray expression profiling, which permits parallel measurement of the activity of thousands of genes, is uniquely positioned to find hundreds of markers (genes) that change consistently with aging and can be measured simultaneously. As a corollary, the effects of GCs can be compared to the effects of aging on each of these biomarkers, thereby allowing a large-scale test of predictions of the GC hypothesis.
However, before that test could be performed we had to define a panel of reliable aging-dependent gene expression changes. To date, we and others have employed microarray technology in several studies of brain aging [48] [49] [50] [51] and in studies of Alzheimer's disease using human tissue or animal models of AD [52] [53] [54] [55] [56] [57] [58] [59] . These have yielded substantial information on selected genes and related pathways, but results for marker genes have not been highly consistent across studies (reviewed in [60] ).
Along with its powerful potential, microarray analysis poses formidable bioinformatics and resource problems. The massive data sets generated and the thousands of comparisons involved create major problems of false positives, false negatives and functional interpretation. In our own microarray studies of hippocampal aging [51] , incipient Alzheimer's disease [59] and aging-dependent cognitive impairment 1 we have attempted to address these problems with statistical rigor, well-powered groups, expression correlations with function, and systematic pathway analysis [60] . In particular, the use of relatively large n's and well-powered groups has enabled us to ameliorate type II error (false negatives) and to generate extensive lists of genes and related pathways that change in the hippocampus with aging and/or with cognitive impairment. These age-dependent changes in expression appear highly reliable, as many have been detected in both of our large hippocampal aging studies ( [51] ; and manuscript in preparation 1 ). Notably, nearly all of the genes identified in our aging studies had already changed substantially by midlife (12-14 months-old) [51] . The majority (but not all) of downregulated genes appeared to reflect neuronal processes, whereas the majority of upregulated genes appeared to reflect glial processes. The specific genes found to change with aging in these studies also elucidated larger functional pathways and categories (as organized in the Gene Ontology database) that were statistically over-represented by coregulated genes.
MICROARRAY TEST OF THE GLUCO-CORTICOID HYPOTHESIS OF HIPPOCAMPAL AGING
With this extensive list of genes and processes that were down-or up-regulated reliably with hippocampal aging available for use as biomarkers, it was now possible to test the prediction that GCs should modulate targets in the same direction as they change with aging. Moreover, it was also possible to test another prediction of the hypothesis, namely that more genes and pathways should be commonly affected by both GCs and aging than expected by chance.
To determine which genes in the hippocampus are regulated by GCs, we adrenalectomized (ADX) two groups of mid-aged 15-month-old F344 rats and sham operated another (n=10/group). One ADX group was implanted with corticosterone-releasing pellets that supplied a very low dose, and the other group was implanted with pellets that released a high dose of corticosterone (essentially to Sham levels). The groups were maintained for 3 months (to 18 months of age), at which point their hippocampi were dissected and processed for microarray analysis (one hippocampus per array). The data were then analyzed statistically to identify the genes that differed as a function of corticosterone (Cort) levels. This set of Cort-sensitive genes was then compared to 1 the sets of aging-dependent genes, identified in our other studies [51] , for detection of common genes and for similarity or difference in direction of change among common genes. Fig. (3) shows a summary of the results from the experiment described above (detailed results will be published elsewhere). The prediction that the number of genes regulated both by GCs and by aging should be greater than expected by chance was confirmed, although many genes regulated by aging were not regulated by Cort, and vice versa. However, the prediction that genes regulated by both Cort and aging should be regulated predominately in the same direction was definitively rejected. As shown in Fig. (3) , among those genes downregulated with aging, only approximately half were also downregulated by Cort. Even more striking was the effect for genes upregulated with aging; among these, almost two-thirds were downregulated by Cort. Consequently, the view of simple positive cooperativity between GCs and aging processes, as implied by any of the four sub-hypotheses in Fig. (2) , is clearly untenable.
PARADOXICAL RESULTS: INCREASED AND DECREASED EFFICACY OF GCS
Thus, after many years of testing, and despite much evidence consistent with its predictions, the basic GC hypothesis of brain aging apparently must be rejected. Nevertheless, aspects of the findings here suggest that aging and GCs interact in substantial fashion in the hippocampus, and that many genes are commonly regulated by aging and GCs. Instead of only positive interactions between aging and GCs, however, the results indicate that some genes may be regulated in opposite directions (negative cooperativity) and some in the same direction (positive cooperativity). That is, the number of genes that are regulated in opposite directions by Cort and aging is much higher than expected by chance (Fig. (3) ). Furthermore, genes regulated in the same direction by Cort and aging appeared to be particularly concentrated in a few pathways/categories critical for brain aging. In addition, an analysis of overrepresented pathways/categories for each of the four combinations of directional effects on genes that were regulated by both Cort and aging (eg, Cortdown/Aging-down; Cort-up/Aging-down; Cort-up/Aging-up; Cort-down/Aging-up) revealed profiles that appeared to reflect distinct functions and potentially specific cell-type localization, for each combination.
Based on these observations, we suggest that processes regulated in the same direction by Cort and aging reflect an increasing efficacy of Cort with aging. Conversely, processes regulated in opposite directions by Cort and aging reflect a declining efficacy of Cort with age. For example, genes exhibiting Cort-down/Aging-down patterns (primarily neuronal) were highly represented for pathways of free fatty acid uptake, neurite outgrowth and extracellular matrix formation (Fig. (3) ). These results may indicate that, in neurons, an increasing efficacy of GCs' catabolic actions with aging acts to downregulate energy-consuming processes supporting growth and structural synthesis. On the other hand, many probable glial genes exhibited Cort-down/Aging-up directional combinations and were highly represented for inflammatory, lysosomal, glial activation (including GFAP), oxidative stress, and cholesterol transport processes, among others (Fig. (3) . These processes likely reflect astrocyte activation [61] [62] [63] [64] , and may indicate declining efficacy of Cort in astrocytes with aging, allowing suppressed inflammatory pathways to escape from Cort's normally negative regulation. Fig. (3) . Overlap of aging-related and corticosterone (Cort)-sensitive genes. Using microarray technology, the genes that were agingsensitive (upper) and also Cort-sensitive (lower) were identified. Numbers shown represent the number of genes in each category of directional change (down or up). Most genes downregulated with aging are expressed primarily in neurons, whereas upregulated genes are primarily glial. More genes were altered in opposite directions by Cort and aging than in the same direction, contravening a key prediction of the original GC hypothesis. Selected processes (and some genes from which they were identified) are shown for each directional combination of Cort and aging changes.
These observations have several important implications: First, they show that aging mechanisms appear able to promote the expression of some key biomarkers of aging either by selectively increasing or by selectively decreasing the effect of GC actions on those biomarker targets, in a cell type-specific manner; second, they indicate that GCs suppress inflammatory processes in the brain, much as they do in the periphery; and third, declining efficacy of Cort likely accounts for some of the inconsistent results noted above, including why a positive correlation was found between Cort and astrocyte reactivity in aging [3] , despite Cort's ability to suppress GFAP [33] , and why GCs facilitate some memory processes [34] , despite the decline in memory functions with aging..
SHIFTING THE GC BALANCE WITH INSULIN SIGNALING
If GCs gain efficacy with aging in some brain cell types and lose efficacy in others, or perhaps even gain and lose efficacy on different processes within the same cell, then the question arises of what mechanisms might underlie such specific targeting. One possibility, of course, is that cells might differentially regulate glucocorticoid receptor content. As yet, however, we have not seen major aging changes in GR content of neurons or glia in the hippocampus (unpublished data 2 ). A second possibility is that the intracellular concentration of GCs might be regulated by differential expression of 11-beta hydroxysteroid dehydrogenase 1 (11beta-HSD1), the enzyme responsible for the converson of inactive GC to active GC [65] . For example, decreased 11beta-HSD1 in astrocytes with aging could account for the declining Cort efficacy in astrocytes. Yet another possibility is that GC cofactors or modulatory elements might be differentially regulated with aging.
In addition, one intriguing possibility is that GC efficacy might be inversely proportional to insulin signaling. It is well established that the anabolic actions of insulin and the catabolic actions of GCs counteract each other on many critical peripheral metabolic functions, from glucose utilization to lipid storage. Further, increased GC action is a major candidate causal mechanism in aging-related development of insulin resistance and central obesity [65, 66] . Thus, if an analogous counterbalance operated in brain cells, and insulin signaling were decreased in some cell types with aging, the catabolic actions of GCs might be strengthened. Conversely, if insulin pathway signaling were increased in other cell types, the anti-inflammatory/catabolic actions of GCs might be weakened.
Consistent with the view that insulin signaling might vary with aging, we recently found a significant downregulation of a number of hippocampal insulin pathway genes that was specific for aged, cognitively impaired rats 1 . Given these considerations, it is suggested that GC catabolic action may increase with age in hippocampal neurons as a cause or a consequence of a decrease in opposing insulin signaling. On the other hand, in reactive astrocytes, insulin/IGF signaling may be upregulated, possibly by calcineurin [62] , resulting in declining GC efficacy and the escape of astrocytic inflammatory processes from GC-mediated suppression. However, not all GC actions are catabolic, and GCs and insulin work cooperatively on some non-catabolic targets (e.g., on processes activated rather than suppressed by GCs). These targets, presumably, would not be subject to chronic regulation by the antagonistic actions of GCs and insulin, but rather, might be more sensitive to other, shorter-term effects of GCs and cell type-specific co-factors. Clearly, however, a mechanism based on the balance between GC and insulin action is only one of multiple possibilities.
IMPLICATIONS FOR ALZHEIMER'S DISEASE
There is also evidence that altered GC efficacy may play a role in AD. That is, recent findings link peripheral insulin resistance to cognitive decline with aging and AD [67] and, concomitantly, GC action is a candidate mechanism in insulin resistance. In addition, as noted earlier, chronic GC treatment may increase some AD-related pathology, possibly associated with a form of "brain diabetes" [29] [30] [31] 68] . Moreover, we recently found microarray evidence for increased efficacy of GCs in hippocampus of early-stage AD subjects. Both downregulation of pyruvate dehydrogenase (PDH) and upregulation of pyruvate carboxylase gene expression were seen in incipient Alzheimer's disease [59] . Similar effects were found with normal hippocampal aging in rats [51] . These changes suggest that reduced pyruvate flux through PDH and decreased oxidative metabolism of glucose may develop early in AD. Interestingly, the inactivation of PDH is also a major pathway through which GC activity acts to conserve glucose, and apparently, to induce insulin resistance [65, 66] . Thus, our data are consistent with the possibility that GC effects on this and other important target pathways in brain are enhanced in both aging and AD. If so, such alterations in GC efficacy may have implications for AD pathogenesis as well as for the increased risk of AD associated with normal aging.
A NEW VERSION OF THE GC HYPOTHESIS OF BRAIN AGING AND AD
Based on the results summarized in Fig. (3) , it is apparent that the original unidirectional GC/brain aging hypothesis (Figs. 1, 2) is no longer viable. Some intriguing patterns in our microarray data continue to support the idea that GCs play important roles in brain aging and in AD. However, a more sophisticated model is necessary to account for the complexities of these and other results, and a new cell-typespecific version of the GC hypothesis is shown in Fig. (4) . This model, on the left, retains the process of increasing GC efficacy of the original model (Fig. (2.3) ), while on the right, also incorporates brain aging changes arising from decreasing GC efficacy. In this view, different cell types regulate GC efficacy differentially with aging. Thus, the directional combinations of GC and aging effects on target genes may well reflect specific signatures of various cell types. Nevertheless, it is clear that much additional research will be needed before we fully understand how, why and in which cell types the effects of GCs are altered with normal brain aging and the pathological brain aging characteristic of AD. Fig. (4) . New GC hypothesis of hippocampal aging. Model incorporating aging-dependent decreases as well as increases in GC efficacy, in different cell type-specific compartments. Target processes (from Fig. (3) ) altered during aging by strengthening Cort efficacy (left) should shift with aging in the direction promoted by GCs, whereas targets altered by weakening Cort efficacy (right) should shift with aging in the direction opposite to that normally promoted by GCs. Therefore, in target cells where Cort and aging effects are in same direction (left), Cort efficacy is proposed to increase with aging, and in cells where Cort and aging effects are in opposite directions (right), Cort efficacy is proposed to decrease. Target processes that are regulated by either increased or decreased Cort efficacy may be normally suppressed (-) or activated (+) by GCs. Putative neuronal or glial loci of the effects are based on direction (down or up) of change with aging.
